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The intervertebral disc (IVD) is a complex structure consisting of 
three interdependent tissues. The nucleus pulposus (NP) is a highly 
hydrophilic tissue composed primarily of large proteoglycans within 
a loose type II collagen framework. It is surrounded radially by the 
concentric lamellae of the annulus fibrosus (AF) which are composed 
primarily of type I collagen. The nucleus pulposus and the inner 
portion of the annulus fibrosus are anchored to the vertebral body by 
the cartilage endplate (CEP), which is a thin layer of hyaline cartilage. 
Together, the components of the intervertebral disc anchor adjacent 
vertebral bodies and by doing so allow for spinal stabilization, 
load bearing, and movement. Low back pain, often associated with 
intervertebral disc degeneration, has a lifetime prevalence of up to 
80%. Currently there is no optimal treatment for persistent back 
pain. Disc replacement with implants made from synthetic materials 
is one approach that has had success in selected individuals, but 
failure can have catastrophic results. For these reasons interest has 
turned towards developing biological treatments. Intervertebral 
disc and vertebral body transplants have been shown to slow 
down degeneration and restore biomechanics in animal models 
(1,2). A human clinical study exploring the use of autologous disc 
chondrocyte transplantation has reported some success (3) and 
more recently allogeneic intervertebral disc transplants have been 
used successfully in humans (4). Another option is to tissue engineer 
the composite structure of the disc in vitro and use it to restore all 
the components of the degenerate IVD.
The purpose of our studies is to develop the methodology to form 
the different tissues of the disc in vitro with the long term goal of 
developing a biological intervertebral disc replacement. 
To generate the different disc tissues in vitro, intervertebral discs 
were harvested from bovine caudal spines (animals 6-9 months 
of age) and the nucleus pulposus and annulus fibrosus were 
dissected out. The cells from the tissues were isolated by sequential 
enzymatic digestion. NP cells were seeded on the upper surface 
of a porous bone substitute (CPP) (160,000 cells/mm2). Cultures 
were transferred to Dulbecco’s Modified Eagles Medium (DMEM) 
supplemented with 10% FBS 48 hours later. At day 5 the FBS 
concentration was increased to 20%, and at day 7 ascorbic acid (100 
ug/ml) was added to the medium. Culture medium was changed 
every 2-3 days and fresh ascorbic acid was added with each change. 
For the annulus studies isolated annulus cells were seeded onto 
porous silk fibroin scaffolds generated from silkworm cocoons as 
described previously (5). Cells were grown in static culture for up 
to 8 weeks. To generate cartilaginous tissue in vitro, chondrocytes 
were isolated by sequential enzymatic digestion from aseptically 
excised bovine metacarpal-phalangeal articular cartilage. Cells 
from 2-3 joints were combined in order to obtain sufficient number 
of cells for each experiment. Cells were resuspended in Ham’s F12 
supplemented with 5% FBS and placed on the top surface of the 
CPP (160,000 cells/mm2). Triphasic nucleus pulposus/cartilage end 
plate/bone substitute (CPP) constructs were generated by seeding 
nucleus pulposus cells on the surface of the two week-old in vitro-
formed cartilage at a density of 160,000cells/mm2. Cultures were 
maintained in DMEM supplemented with 20% FBS and ascorbic acid. 
The in vitro-formed tissues were evaluated either histologically, 
biochemically, biomechanically or by scanning electron microscopy. 
Using this approach a continuous layer of nucleus pulposus tissue 
could be formed in vitro. The tissue had biochemical and mechanical 
properties similar to those of native nucleus pulposus tissue. Tissue 
could also be generated by cells obtained from older animals (>18 
months). This method allows for maintenance of notochordal cells. 
A biodegradable bone substitute (calcium polyphosphate substrate, 
CPP) was used as a substrate to support tissue formation. The porous 
CPP substrate had been designed to allow for both anchorage of the 
in vitro-formed tissue to the bone substitute through tissue ingrowth 
in the subsurface region, as well as fixation of the implant through 
bone ingrowth into the remaining open pores following placement 
into the vertebral bodies in vivo. We were also able to develop the 
conditions to generate a triphasic construct in vitro consisting of 
nucleus pulposus tissue adherent to a cartilage layer integrated 
with the top surface of the bone substitute. The incorporation of the 
cartilage endplate-like layer improved the bone substitute-to-IVD 
tissue interface characteristics, as demonstrated by increased peak 
load and significantly increased energy required for failure during 
shear loading of the interface region. We are currently developing 
methods to form annulus fibrosus tissue by exploring the use of a 
variety of biodegradable scaffolds to facilitate annulus fibrosus 
tissue formation. We have observed that annulus fibrosus cells attach 
to porous silk scaffolds and synthesize collagen and proteoglycans 
after attachment. The cells proliferate and accumulate extracellular 
matrix as demonstrated biochemically and histologically. Coupling 
the silk scaffold with RGD- peptides did not enhance cell attachment 
nor the amount of tissue that formed. However it did affect cell 
morphology. Cells on the RGD-modified scaffold had higher levels of 
type II collagen and aggrecan gene expression more in keeping with 
cells of the inner annulus. Porous silk is an appropriate scaffold on 
which to grow annulus fibrosus cells and it may be possible to design 
a scaffold that influences annulus fibrosus cell differentiation. Further 
study is required to optimize scaffold formation and generation of 
annulus tissue with an organization that mimics the native tissue. 
The data suggests that tissue engineering an intervertebral disc is 
feasible. Porous silk is an appropriate scaffold on which to grow 
annulus fibrosus cells and it may be possible to design a scaffold 
that influences annulus fibrosus cell differentiation. Further study is 
required to optimize scaffold formation and generation of annulus 
tissue with an organization that mimics the native tissue. 
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